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Abstract

Alteration of appropriate cell-cycle progression and
of closely related apoptotic process is a basic feature
of tumour cells, and development of new tumour-
targeted agents focus on apoptosis, either during
cell-cycle arrest or following premature cell-cycle
checkpoint exit. Increasingly, epidemiological and
experimental studies suggest that curcumin protects
against cancer, not only because of its well-known
antioxidant properties, but also because it modulates
intracellular signalling, which is related to cell
proliferation and apoptosis. Cisplatin and oxaliplatin
are first-line drugs in treatment of many types of
epithelial cancer and their combination with other
cytostatics are under investigation to limit their side
effects and resistance to them.

Objectives: The aim of this study was to evaluate
effects of a combined treatment using curcumin with
cisplatin or with oxaliplatin, in a human ovarian
cancer cell line (2008) and in its cisplatin-resistant
variant (C13).

Results: Curcumin per se caused concentration-
dependent (0.1-100 um) and time-persistent (24—
72 h) reduction in cell proliferation, as well as
altered cell cycle parameters and induced apoptosis,
in both cell lines. When carcinoma cells were
simultaneously exposed to curcumin and to cisplatin
or oxaliplatin (at concentrations lower than 1Cs)
cell viability was reduced more than with single-drug
treatment. Moreover, dose and time related effects
of curcumin, when combined with platinum drugs,
were linked to consistent reduction in cell cycling and
increased apoptosis, in comparison with single-drug
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treatment. These effects were significant both in
wild type and in cisplatin-resistant cells, indicating
that curcumin was also able to increase sensitivity
of resistant ovarian cancer cells to cisplatin.
Conclusions: The data suggests that curcumin is an
interesting natural compound capable of limiting cell
proliferation and possibly increasing clinical impact
of platinum drugs, in ovarian cancer patients.

Introduction

New strategies to improve clinical response and to reduce
toxicity of cancer therapy focus on chemoprevention, which
hopes to identify substances that can suppress transforma-
tion of initiated or precancerous cells to malignant ones
(1). Chemoprevention includes using agents that affect
cell-cycle progression and apoptosis, signal transduction,
oncogene activation, polyamine metabolism, angiogenesis,
gap junctional intercellular communication, and more (1,2).
A large variety of natural compounds elicit pronounced
chemopreventive effects, many of them have been used in
traditional herbal medication and are present in our daily
diet (3,4). Increasingly, preclinical and clinical evidence
supports curcumin’s chemopreventive and antitumour
progression properties against human malignancies (5).
Curcumin (diferuloylmethane) a yellow pigment isolated
from the rhizome of the turmeric plant has been consumed
for centuries in Asian countries as a dietary spice and it
is well known for its antioxidant, antibacterial, antiviral,
antifungal, anti-inflammatory, antispasmodic and hepato-
protective roles (6). In vitro, curcumin causes apoptosis
and cell-cycle arrest in many different tumour cells by
affecting various molecular targets, such as up-regulating
Cdk inhibitors and p53 and down-regulating cyclin D1,
Cdk-1, cdc2, NFxB (7-10). In vivo, curcumin reduces
incidence and multiplicity of both epithelial invasive and
non-invasive adenocarcinomas (11-13).

Cisplatin (cis-diamminedichloroplatinum) is a first-
generation platinum drug that plays a central role in
chemotherapy of bladder, testicular and ovarian cancers
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(14,15). Oxaliplatin [1R, 2R-diamnocycloexanoxalate-
platinum (II)] is a third-generation platinum drug active
against a broad range of tumours including cisplatin-
resistant ones, specially colon cancer (16,17). Cisplatin’s
nephrotoxicity and oxaliplatin’s neurotoxicity, however,
as well as intrinsic or acquired tumour cell resistance,
are side effects that still limit their clinical use (15,18).
To improve the platinum drugs’ pharmacological profile,
combination with resistance modulators or newly mole-
cularly targeted drugs are under preclinical and clinical
investigation (19). The aim of the present work was to
study the effect of a combination of curcumin with cisplatin
or oxaliplatin on cell viability, cell-cycle parameters and
apoptosis in two human ovarian carcinoma cell lines, wild
type (2008) and its cisplatin-resistant variant (C13).

Materials and methods

Cells

Wild-type (2008) cells derived from human ovary carcinoma
and its parental cisplatin-resistant variant (C13) cells were
generated by in vitro selection in presence of increasing
concentrations of cisplatin (20). C13 cells exhibit persistent
9- to 12-fold resistance to cisplatin (21). Wild-type (2008)
and C13 cells were routinely grown in humidified con-
dition at 5% CO, and 37 °C, incubated with RPMI 1640
medium, 10% FBS, 2% glutamine and 1% pen-strep.
Cells were collected every 2 days using minimal amounts
of 0.05% trypsin-0.02% EDTA to wet the whole culture
dish surface, and were seeded 1 x 10° in 100 mm dishes
with RPMI 1640 medium, 10% FBS and 1% pen-strep.
All reagents were from Lonza (Basel, Switzerland).
Growth curves were constructed after trypan blue exclusion
assay and 24 h doubling time was measured both for 2008
and C13 cells.

Cell viability assay

Cell viability was determined using the 3-(4,5-dimethyl-
thiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. They were plated in 200 ul medium in 96-well
microtitre plates at a density of 2500/well. Following
overnight incubation, cells were exposed to a range of
different concentrations of test compounds, according to
the experimental protocols. After 24 h, cells were washed
and replaced in fresh medium. At the end of experimental
protocol cells were added to 20 ul of MTT (5 mg/ml)
(Sigma, St. Louis, MO, USA) and incubated for 4 h at 37 °C.
They were then lysed by adding 200 ul of isopropanol
acid. Absorbance at 570 nm was determined using a
Victor2, multilabel counter, Wallac Instruments (Waltham,
Massachusetts, USA).

Cell-cycle analysis by flow cytometry

Cells were seeded at a density of 1.5 x 10° cells/6 wells.
After 24 h they were treated according to the experimental
protocol. At the end of treatment cells were collected
using trypsin, were counted then fixed for 30 min on ice
with 70% cold ethanol at a density of 1 x 10° cell/ml,
washed and resuspended in a solution of 0.05 mg/ml
propidium iodide (Molecular Probes, Invitrogen, Paisley,
UK) and 0.2 mg/ml RNAase-DNAase free (Sigma) in
phosphate-buffered saline for roughly 30 min, at room
temperature in the dark. Approximately 3 x 10* cells/sample
were analysed in an Epics XL-flow cytometer Beckman
Coulter (Fullerton, California, USA), with an Argon
Laser A, = 488 nm and a photomultiplier PMT2, at
Ay =575 120 nm. Percentages of cells in the different
phases of cell-cycle were calculated using Multicycle
software provided by the manufacturer, considering dip-
loid cycles and correcting for cell clusters.

Annexin V/propidium iodide staining for apoptosis

Cells were seeded at 1.5 x 10° cells/6 wells and incubated
overnight. Cells were treated according to experimental
protocols and were incubated for 24 h. They were harvested
by quick trypsinization to minimize potentially high
annexin V background levels in adherent cells. Cells were
then washed and stained with Alexa 488/annexin V/
propidium iodide (Molecular Probes, Invitrogen). Stained
cells were placed on ice and were protected from light.
They were then analysed in an Epics XL-flow cytometer
(Beckman Coulter), with laser excitation wavelength
set at A=488 nm. The green signal from Alexa 488/
annexin V was measured at A =525 nm and red signal
from propidium iodide was measured at A =620 nm.
Cells negative for both annexin V and propidium iodide
are viable, cells annexin V*/propidium iodide™ are in early
apoptosis, and cells annexin V*/propidium iodide™ are
necrotic or in late apoptosis.

Intracellular glutathione assay

Intracellular glutathione concentrations were measured
according to Anderson (22), as described previously by
Floreani et al. (23). Cells [= (5-6) x 10° for each sample]
were washed with NaCl/Pi and treated with 6% meta-
phosphoric acid (1 ml/dish) at room temperature. After
10 min, the acid extract was collected, centrifuged for
Smin at 18000 g at 4 °C, and processed. Cell debris
remaining on the plate was solubilized with 0.5 M KOH
and assayed for protein content as described by Lowry
et al. (24). For total glutathione determination, the above
acid extract was diluted (1:6) in 6% metaphosphoric
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Figure 1. Effect of curcumin, CDDP and oxaliplatin on cell viability in 2008 and C13 cells. The cells were exposed to drugs at concentrations
(0.1-100 um) for 24, 48 and 72 hours and cell viability measured by MTT assay. Results are Mean + ES from at least three independent experiments

in quadruplicate.
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Figure 2. Effects of curcumin on the cell-cycle progression in 2008 and C13 cells. The cells were treated with curcumin (0.5 um) for 24 h and
48 h. Percentage of cells in Gy/G,, S and G,/M phase were calculated using Multicycle software. Mean + SD of at least three independent
experiments. * p< 0.05 curcumin vs untreated cells.

acid; thereafter 0.1 ml supernatant, 0.75ml of 0.1 M  were added. After a 3-min equilibration period at 25 °C,
potassium phosphate/5 mm EDTA buffer (pH 7.4), 0.05 ml  the reaction was started by addition of 2 U glutathione
of 10 mm 5,5’-dithiobis-(2-nitrobenzoic acid) (prepared  reductase (type III, Sigma; from baker’s yeast; diluted in
in 0.1 M phosphate buffer), and 0.08 ml 5 mm NADPH 0.1 M phosphate/EDTA buffer). Product formation was
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Figure 3. A. Effects of curcumin in combination with cisplatin or oxaliplatin on the cell-cycle in 2008 cells. The cells were treated with drugs for 24 h:
control (a); 0.5 uM curcumin (b); 0.5 um CDDP (c); curc. + CDDP (d); 0.5 um L-OHP (e); curc. + L-OHP (f). Plots of DNA content (PI fluorescence
intensity) vs number of cell events. Percentage of cells in sub G, Gy/G,, S and G,/M phase were calculated using Multicycle software and are
represented in the right side of the histograms. All pictures are typical of three independent experiments each performed under identical conditions.

recorded continuously at 412 nm (for 3 min at 25 °C) with
a Shimadzu UV-160 spectrophotometer (Kyoto, Japan). Total
amount of glutathione in samples was determined from
a standard curve obtained by plotting known amounts
(0.05-0.4 ng/ml) of glutathione against rate of change in
absorbance at 412 nm. Glutathione standards were prepared
daily in 6% metaphosphoric acid and diluted in phosphate/
EDTA bufter (pH 7.4).

Reactive oxygen species intracellular assay

Direct detection of intracellular steady-state levels of
reactive oxygen species (ROS) was carried out on living
cells using 2’,7’-dichlorofluorescin-diacetate (Molecular
Probes). Cells were incubated for 2 h mixed with 5 um
H2-DCF-DA and incubated for a further 30 min at 37 °C.
At the end of incubation, cells were washed in phosphate-

buffered saline solution, detached from duplicate wells by
0.05% trypsin and 0.2% EDTA, centrifuged for 5 min at
800 g, and then suspended in medium. Sample fluorescence
was analysed by Epics XL-flow cytometer (Beckman
Coulter, Miami). Dead cells were excluded by electronic
gating data on the basis of forward vs. side scatter profiles;
a minimum of 104 cells of interest were analysed further.
Logarithmic detectors were used for the FL-1 fluorescence
channel necessary for 2’,7’-dichlorofluorescin detection.
Mean values were obtained by the analysis EXPO 32
software (Beckman Coulter).

Statistical analysis

Statistical comparison of differences among groups of
data was carried out using a two-tailed Student’s #-test.
Significance was considered at p < 0.05.
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Figure 3. B. Effects of curcumin in combination with cisplatin or oxaliplatin on the cell-cycle in 2008 cells. The cells were treated with drugs for
48 h: control (a); 0.5 uMm curcumin (b); 0.5 um CDDP (c); curc. + CDDP (d); 0.5 um L-OHP (e); curc. + L-OHP (f). Plots of DNA content (PI fluo-
rescence intensity) vs number of cell events. Percentage of cells in sub G, G/G,, S and G2/M phase were calculated using Multicycle software and
are represented in the right side of the histograms. All pictures are typical of three independent experiments each performed under identical conditions.

Results

Effect of curcumin, cisplatin and oxaliplatin on cell
viability

Cells were exposed for 24, 48 or 72 h to curcumin or to
either cisplatin or oxaliplatin at (0.01 um —100 um) con-
centration range, and cell viability measured by MTT assay.
All compounds caused concentration-dependent inhibition
of cell viability, which persisted after 72 h (Fig. 1). ICy,
is reported in Table 1. This shows that curcumin was more
potent in cisplatin-resistant than in cisplatin-sensitive
ovarian cancer cells. Cisplatin, as expected, was more potent
in sensitive cells than in resistant cells. Oxaliplatin was
almost equipotent in wild type 2008 and C13 cells and
less potent than in colon cancer cell lines (IC, 0.88 uM in
HT29, human colon adenocarcinoma grade II cell line,

© 2009 The Authors

and ICy;, 1.3 um in LoVo human colon carcinoma cell line),
results not shown. Isobologram analysis of cell viability
assay with combinations of curcumin (0.1-1 pum) and
cisplatin or oxaliplatin (0.1-5 um), according to methods
proposed by Luszczki & Czuczwar (25), indicated
synergistic inhibitory effect on cell viability of curcumin
with platinum drugs both in wild type 2008 and C13 cells
(results not shown).

Alteration of ovarian cancer cell-cycle parameters and
apoptosis, induced by curcumin, cisplatin and oxaliplatin

Effects of curcumin (0.5, 1.0, 5.0 um) on cell-cycle pro-
gression were investigated in ovarian cancer cells cultured
over different times (24, 48 and 72 h) by DNA content
analysis, by flow cytometry. The cell-cycle was not signifi-
cantly different in untreated wild type 2008 and C13 cells.

Journal compilation © 2009 Blackwell Publishing Ltd, Cell Proliferation, 42, 195-206.
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Table 1.
2008 Cl13
IC4, M IC4, M
% 95 CI % 95 CI
Drugs 24h 48h 72h 24h 48h 72h
Curcumin 14.92 7.87 6.36 5.92 2.93 247
8.24 to 20.95 3.51to 17.61 7.62 to 18.41 2.831t012.37 1.77 to 4.87 0.62 to 8.96
Cisplatin 1.35 0.96 0.94 13.52 7.97 9.00
0.79 to 2.29 0.74 to 1.24 0.51 to 1.73 8.50 to 21.50 2.15t0 29.53 4.42 to 20.59
Oxaliplatin 5.62 2.52 3.58 5.64 3.89 5.71
3.21 to 9.85 1.02 to 6.23 1.93 to 6.64 1.70to 11.72 0.89 to 11.90 2.15 to 12.34
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Figure 4. A. Effects of curcumin in combination with cisplatin or oxaliplatin on the cell-cycle in C13 cells. The cells were treated with drugs for
24 h: control (a); 0.5 uM curcumin (b); 0.5 um CDDP (c); curc. + CDDP (d); 0.5 um L-OHP (e); curc. + L-OHP (f). Plots of DNA content (PI fluo-
rescence intensity) vs number of cell events. Percentage of cells in G(/G,, S and G,/M phase were calculated using Multicycle software and are
represented in the right side of the histograms. All pictures are typical of three independent experiments each performed under identical conditions.
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Figure 4. B. Effects of curcumin in combination with cisplatin or oxaliplatin on the cell-cycle in C13 cells. The cells were treated with drugs for
48 h: control (a); 0.5 uM curcumin (b); 0.5 um CDDP (c¢); curc. + CDDP (d); 0.5 um L-OHP (e); curc. + L-OHP (f). Plots of DNA content (PI
fluorescence intensity) vs number of cell events. Percentage of cells in G/G,, S and G,/M phase were calculated using Multicycle software and are
represented in the right side of the histograms. All pictures are typical of three independent experiments each performed under identical conditions.

Curcumin in wild type 2008 cells significantly reduced
the percentage of cells in G,/M phase in a concentration-
dependent fashion and caused apoptosis (sub-G,), whereas
in C13 cells it significantly increased numbers of cells
in G/G, phase and reduced cells in S and G,/M, in com-
parison with untreated cells (Fig. 2). These effects were
similar at 48 (Fig. 2) and 72 h (results not shown).

The aim of our study was to investigate effects of com-
bination of curcumin with cisplatin and with oxaliplatin at
concentrations lower than IC; in order to increase efficacy
and reduce toxicity and resistance to platinum drugs.
Taking ICs, as a reference concentration (Table 1), we
analysed the cell-cycle in wild type 2008 and C13 cells
exposed to 0.5 um of curcumin and platinum drugs, which
was the lowest concentration inhibiting cell viability (Fig. 1).
Representative cytograms after 24 and 48 h are shown in
Figs 3 and 4. In wild type 2008 cells (Fig. 3B) after 48 h

© 2009 The Authors
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treatment with curcumin and cisplatin, apoptosis (sub-G)
increased (+175%) and also G,/G, (+35%), and G,/M
decreased (—60%) in comparison with cisplatin alone;
after treatment with curcumin and oxaliplatin, apoptosis
increased by 142% and G /G, by 30%, and cells in mitotic
phase were reduced by 77%, as compared with oxaliplatin
alone. In C13 cells (Fig. 4B), curcumin with cisplatin
caused +39% apoptosis, +14% of G,/G,, —13% of S phase
and —24% of G,/M phase; curcumin with oxaliplatin
increased apoptosis almost 5-fold, reduced G/G, by 16%,
and G,/M phase by 9%.

Descriptive statistics derived from four different
experiments at different curcumin concentrations (Figs 5
and 6) confirmed the above-described time and curcumin
concentration-dependent increased apoptosis and cell-cycle
parameter alterations, both in absence and in presence of
cisplatin or oxaliplatin.
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Figure 7. Early apoptosis in 2008 and C13 cells exposed to curcumin, cisplatin, oxaliplatin or drug combination. The cells were treated with
(0.5 um) curcumin, CDDP and L-OHP for 24 h and 48 h and apoptosis was detected by flow citometry with annexin V/propidium iodide assay.
Cells that are annexin V+/PI- are in early apoptosis. Data are Mean = SD of at least three independent experiments. °p < 0.05 vs untreated *p < 0.05
cotreatment vs CDDP alone or L-OHP alone §p < 0.05 vs curcumin alone.

By annexin V/propidium iodide assay, it is possible to
detect early apoptosis. In wild type 2008 and C13 cells,
exposure to 0.5 UM concentrations of curcumin and
platinum drugs for 24 and 48 h caused highly significant
increase of apoptotic fraction of cisplatin-sensitive and
cisplatin-resistant cells (Fig. 7).

Effect of curcumin on ROS generation and glutathione
levels

ROS generation was measured in wild type 2008 and C13
cells treated for 2 h with 0.5, 1.0 and 5 um concentrations
of curcumin. Basal ROS level was significantly lower in
cisplatin-resistant than in cisplatin-sensitive cells, and
curcumin induced concentration-dependent increased ROS
generation, both in wild type 2008 and C13 cells (Fig. 8).

Glutathione intracellular level was measured in wild
type 2008 and C13 cells after 2 and 24 h of exposure to
different curcumin concentrations (Fig. 9). Glutathione
levels were higher in untreated cisplatin-resistant cells than
in cisplatin-sensitive cells. Curcumin, in a concentration-
dependent fashion, caused reduction of glutathione after
2 h incubation, whereas it increased glutathione after
24 h. These effects of curcumin were similar both in wild
type 2008 and C13 cells.

© 2009 The Authors
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Figure 8. Effect of curcumin on ROS generation in 2008 and C13 cells.
The cells were exposed for 2 hours to (0.5, 1.0 and 5.0 um) curcumin
and ROS detected by H2DCF staining and flow cytometry. Results are
expressed as percentage of fluorescent cells. Each bar represents the
mean + SD from four replicates, and three independent experiments
were carried out. *p < 0.01 compared to control.

Discussion

There is still a high mortality rate of women with ovarian
cancer, which has been attributed both to lack of early
detection and to development of chemoresistance during
treatment (14,26). Cisplatin and oxaliplatin are first-line
chemotherapeutic drugs for ovarian, testicular and colon
cancer, but because of increasing resistance to them, their
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Figure 9. Effect of curcumin on glutathione (GSH) content in 2008 and
C13 cells. Cells were exposed for 2 and 24 hours to (0.5, 1.0 and 5.0 um)
curcumin. Each bar represents the mean + SD from three replicates, and
three independent experiments were carried out. *p < 0.01 compared to
control.

combination with other cytostatic drugs or new molecular-
targeted drugs are currently under investigation (8,27-31).
As alteration in cell-cycle progression and apoptotic
processes are basic features of treated tumour cells (32,33),
new tumour-targeted agents are needed to focus on sub-
stances that promote apoptosis, either during cell-cycle
arrest or following premature cell-cycle checkpoint exit
(34,35). Experimental evidence increasingly demonstrates
chemopreventive and anticarcinogenic properties of
curcumin in vivo and its cell-cycle and apoptosis-related
molecular mechanisms in vitro (for reviews, see 36,37).
Here, we show curcumin’s concentration- and time-
dependent inhibition of ovarian cancer cell viability and its
synergism with cisplatin and oxaliplatin drugs. Furthermore,
we demonstrate that compared to single-drug treatment,
curcumin combined with cisplatin or oxaliplatin, at con-
centrations lower than IC,, cause best dose- and time-
dependent increases in cell-cycle arrest and apoptosis.
Platinum drugs mainly indirectly cause cell-cycle pertur-
bation and apoptosis, by blocking DNA replication and
transcription, after non-enzymatic conversion to active
derivatives, thus forming platinum-DNA intra- and
interstrand adducts, and DNA-protein cross links (16,38).
Therefore our results suggest a crucial role for curcumin
in alteration of cell-cycle parameters, when combined
with platinum drugs. Our data also clearly indicate that
concurrent treatment of curcumin with platinum drugs
makes cisplatin-resistant ovarian carcinoma cells more
susceptible to the action of the platinum drugs. Molecular
mechanisms of cisplatin resistance consist of various
altered pathways (27). Recent models describe platinum
uptake by facilitated diffusion, perhaps involving a gated
channel, which can be lost during selection of drug-resistant
variant(s) (39). p53 gene status is also implicated, mostly
in cytotoxic cisplatin sensitivity (40). A further suggested
mechanism for drug resistance is increase in intracellular
thiols in the redox pathway, which may inactivate and

remove platinum compounds (41-43). Here we demonstrate
that in cisplatin-resistant ovarian cancer cells, basal content
of glutathione is higher than in cisplatin-sensitive cells, as
described in human ovarian cancer cell lines by Weir et al.
(44). We also show that in cisplatin-resistant cells (compared
to cisplatin-sensitive cells), higher glutathione content is
parallel to lower ROS level, and that curcumin causes
concentration-dependent increase of ROS after 2 h
incubation, but increase in glutathione after 24 h. Similarly,
curcumin’s early pro-oxidative effect (that is, increased
ROS and reduced glutathione) and late antioxidant effect
(increased glutathione) have been shown by Sandur ef al.
(45) on human myeloid leukaemia cells, and by Weir et al.
(44) on ovarian cancer cells. How curcumin mediates
these effects is not fully understood, but we agree with
Sandur et al. (45), who suggest that curcumin’s anti-
inflammatory and apoptotic effects might be mediated
through regulation of redox status of tumour cells. Our
results also provide evidence that curcumin increased
glutathion level both in cisplatin-sensitive and cisplatin-
resistant ovarian cancer cells, suggesting that the increased
susceptibility of ovary cancer cell to combined treatment
of curcumin with platinum drugs is not related to a glutathion
depletion.

In conclusion, our results consistently demonstrate
that curcumin is cytotoxic to ovarian cancer cells. It also
synergistically increases cisplatin’s and oxaliplatin’s
cytotoxicity and resistant cells’ sensitivity to cisplatin. Our
data warrant further investigation into chemopreventive
and chemoprotective properties of curcumin, and its
potential in improving clinical efficacy of platinum drugs
for ovarian cancer patients.
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